The anharmonicity of phonons in solid is ultimately rooted in the chemical bonding. However, the direct connection between phonon anharmoncity and chemical bonding is difficult to make experimentally or theoretically, due mainly to their complicated lattice structures. Here, with the help of density functional theory based calculations, we discovery that electrostatic inter-layer coupling in Bi 2 O 2 X (X=S,Se,Te) leads to intrinsically low lattice thermal conductivity. We explain our discovery by the strong anharmonic chemical bonding between Bi and chalcogen atoms. Our results shed light on the connection between inter-layer chemical bonding and phonon anharmonicity, which could be explored in a wide range of layered materials.
I. INTRODUCTION
Materials with low thermal conductivity may find applications in many disciplines including thermoelectrics 1, 2 , heat insulation and phononic devices 3 . Phonons are main heat carriers in semiconductors and insulators. Phonon engineering of thermal conductivity has witnessed tremendous progress in recent years [4] [5] [6] . Different extrinsic and intrinsic approaches have been developed to reduce the phonon thermal conductivity (κ). Among them are nanostructuring, defect engineering, and enhancing phonon anharmonicity. Anharmonic phonon scattering is an intrinsic mechanism that leads to finite κ 1,7-9 . Thus, utilizing strong phonon anharmonicity is an attractive way to reduce κ, while keeping other properties intact 10 . Generally, weak chemical bonds lead to large anharmonicity due to large atomic displacement involved. As a rule of thumb, complicate lattice structure with heavy elements is believed to lead to strong anharmonicity. But their microscopic mechanism is difficult to pinpoint.
Layered materials have weak inter-layer bonding and many show low κ and good thermoelectric performance 11 . They normally have good electrical transport property in the plane and low κ across the plane. For thermoelectric applications, it is highly desirable to reduce the in-plane κ (κ ) through phonon engineering. As a kind of thermoelectric material, layered bismuth oxychalcogenides Bi 2 O 2 X (X=S, Se, Te) (BOX) have been studied experimentally [12] [13] [14] [15] [16] . But their thermoelectric performance is mainly hindered by the poor electrical transport property. Very recently, thin layer of single crystal layered oxychalcogenide, Bi 2 O 2 Se, has been successfully synthesized 17, 18 . Its high electron mobility, strong spin-orbit interaction and ultrafast infrared response lead to potential applications in nano-electronics, opto-electronics, topological devices and ferroelectricity [19] [20] [21] . The electronic band structure of Bi 2 O 2 Se has been mapped out combining angle-resolved photoemission spectroscopy and density functional theory (DFT) calculations 22 . The experimental progress makes it possible to enhance the thermoelectric performance by, i.e., tuning of carrier concentration 23 .
Despite the above mentioned progress in characterizing the electric properties, the phonon transport properties of BOX are still poorly understood, which hinders the in-depth understanding in its electronic, optoelectronic and thermal properties. Here, using DFT based calculations, we show that, BOX has low intrinsic in-plane κ (κ ). This means high electrical conductivity and low phonon thermal conductivity can in principle be realised simultane-ously in the same direction. Based on the analysis of its phonon spectrum, scattering lifetime, Grüneisen parameters and real-space electron distribution, we are able to show unambiguously that, the low κ originates from strong anharmonic inter-layer bonding between Bi and chalcogen atoms. Our results shed light on the connection between chemical bonding and phonon anharmonicity, and showed that inter-layer coupling can be used to tune κ in layered materials.
II. RESULTS AND DISCUSSIONS
A. Structure and phonon dispersion Figure 1 (b). Meanwhile, Bi 2 O 2 S has a distorted structure, where the Bi atoms slide slightly apart, and belongs to the Pnnm (58) group with lower symmetry (Figure 1 (a) ).
This structure distortion changes the chemical bonding environment of S and brings a small anisotropy between x and y direction. We will show below that it has important effect on κ. There are two electron transfer from the Bi 2 O 2 layer to chalcogen layer, and the two layers are bonded through electrostatic force. The optimized lattice parameters, the dielectric constant and Born effective charge of each atom are listed in Table 1 and 2 of the Supporting Information (SI). We have also calculated the electronic band structures from the optimized lattice parameters. They show good agreement with previous works (SI, Figure 1 ). The phonon bands can be divided into a low frequency and a high frequency part. They are separated by a band gap. In the low frequency part, Bi (red) and chalcogen (blue) atom couple together. The high frequency part is contributed almost entirely by O atoms (black).
B. Thermal conductivity
We calculate κ using the Boltzmann transport equation ( 
The in-plane (a) and out-of-plane (b) phonon thermal conductivity as a function of temperature. The layered structure in Bi 2 O 2 X leads to anisotropy in κ, i.e., κ > κ z .
As shown in Eq. (2) of Methods, within all the parameters that κ depends, the relaxation time τ λ is determined by anharmonic phonon scattering, while all the rest terms are determined by the harmonic phonon spectrum. To find the origin of low κ in Bi 2 O 2 X, firstly we set τ λ = 1, and show the accumulative sum of frequency dependent κ(ω) (Eq. 3 of Methods)
in Figure 3 (a). Bi 2 O 2 S shows the largest value, opposite to the results of κ. This means lower κ of Bi 2 O 2 S does not come from the harmonic phonon spectrum, but from their shorter τ λ . We have also shown a comparison to BiCuOX (X=S, Se, Te) in Figure 7 of the SI. We find that, although they have similar κ, the band structure contribution to κ in BOX is much larger than BiCuOX. This suggests stronger anharmonic scattering and hence smaller τ λ in BOX, which we focus on in the following. We now turn to the anharmonic potential, the strength of which can be characterized by the Grüneisen parameters (γ). To further correlate with the atomic chemical bonding,
in Table IV , we show the projected γ on different atoms in three directions. As a common feature, we get larger γ for Bi and chalcogen atoms compared to O atoms. These results suggest that inter-layer Bi-X bonding in BOX is strongly anharmonic and generates stronger phonon scattering. This is the common feature of all three kinds of materials. The low κ of Bi 2 O 2 S can also be understood from the Grüneisen parameter. The lattice distortion in Bi 2 O 2 S makes the x and y direction anisotropic. This is reflected in the Grüneisen parameters. γ of S in y direction is reduced, while that in x and z gets much larger, promoting the inter-layer anharmonicity. This information suggests that, we can attribute the smaller scattering lifetime and lower κ of Bi 2 O 2 S to the enhancement of anharmonic inter-layer coupling generated by lattice distortion.
Further comparison to BiCuOX supports our above arguments. In BiCuOX, chalcogen atom and Cu form stronger bonds. This reduces the anharmonic inter-layer coupling between BiO and CuX layers. This is reflected in the projected Grüneisen parameters. First, in BiCuOX, γ in z direction is consistently smaller than that of in-plane (x/y) direction for all atoms. Second, Cu atoms show the largest γ instead of chalcogen atoms in BOX.
The reduction of γ, together with their smaller JDOS (SI, Figure 8 ), leads to much longer scattering lifetime (SI, Figure 9 ). 
III. CONCLUSIONS
To conclude, we have predicted low phonon thermal conductivity of bismuth oxychalcogenides Bi 2 O 2 X (X=S, Se, Te). Through careful analysis of their phonon properties, we can ultimately correlate the strong anharmonicity and hence low thermal conductivity to the inter-layer bonding between Bi and chalcogen atoms. The strong correlation between bond anharmonicity and low thermal conductivity gives atomic insights of the thermal properties of materials. The same principle can be applied to a broad range of layered materials with electrostatic inter-layer coupling.
IV. METHODS

A. DFT calculations
For the first-principles calculations, we use density functional theory (DFT) with the projected augmented wave (PAW) method as implemented within the Vienna ab initio Simulation Package (VASP) 34, 35 . We choose the Perdew-Bueke-Ernzerhof (PBE) 36 version of generalized gradient approximation (GGA) to treat the exchange-correlation interaction.
The plane wave cut-off energy is set as 550 eV. The Brillouin zone is sampled by using the Monkhorst-Pack scheme 37 with 9 × 9 × 3 mesh k-points to optimize the structure until the forces on the atoms are less than 0.01 eV/Å.
To calculate the phonon dispersion and phonon conductivity, we use phonopy 25 and phono3py 26 codes together with VASP 34, 35 . The second and third order force constants are calculated by finite-difference method. We use 5 × 5 × 2 supercell for the second order force constant, and 3 × 3 × 2 supercell for the third order force constant. We have also performed the 4 × 4 × 2 supercell calculation to confirm the convergence of the third order forces. We set the convergence criteria to 10 −8 eV for self-consistent loop and 0.01 eV/Å for the force.
The Γ-only scheme is used to sample the reciprocal cell of the supercell.
B. Thermal conductivity
The linearized phonon BTE with the single mode RTA is used to calculate the phonon thermal conductivity with 21 × 21 × 21 sampling mesh using phono3py 26 . We first define
as contribution of each mode λ to the thermal conductivity. Here, C λ is the heat capacity of mode λ, v λ is the group velocity, and τ λ is the relaxation time. The frequency-resolve version is then written as
The accumulated sum plotted in Fig. 4 is calculated as
with τ λ set to 1. Finally, the thermal conductivity κ is expressed as
where V is the volume of the system.
C. The joint density of states
The joint density states can be used to quantify the phase space for phonon anharmonic scattering, determined by the phonon dispersion relation. The results shown in Fig. 4 (b) is for 3-phonon scattering and calculated from
D. The projected Grüneisen parameter
The mode-resolved Grüneisen parameters are calculated within the quasi-harmonic approximation using Phonopy. To characterize the anharmonicity of each atom, we define the projected Grüneisen parameter by projecting all the modes to given atom in a given direction as following
Here, γ λ is the Grüneisen parameter of mode λ, i is the atom index, α represents the direction, and e λ,iα is the element of the eigen vector e λ corresponding to atom i in direction α. dominant. Further analysis shows that, for all cases, the contribution mainly comes from the p orbitals. TABLE III: Calculated Born effective charge (z) for ions in the unit of e for BOX. Tables II-III give the calculated lattice parameters, the static dielectric constants and the Born effective charges of Bi 2 O 2 X (X=S, Se, Te) (BOX). Figures 7-9 give the details of the phonon thermal conductivity (κ) calculation.
Appendix C: Comparison to BiCuOX
BiCuOX (X=S, Se, Te) has similar structure to BOX. Figure 10 shows their lattice structure, corresponding phonon spectrum, and projected density of states onto different atoms. κ of BiCuOX is also comparable to BOX. Thus, we here give some comparison between these two kinds of materials. Figure 11 shows that, κ of BOX and BiCuOX is of similar magnitude. Figure 12 shows that, the phonon band structure contribution to κ is different for these two kinds of materials. BOX would have larger κ than BiCuOX if they have the same relaxation time. Thus, the scattering lifetime τ λ in BOX is relatively smaller than that in BiCuOX.
There are two possible factors that influence τ λ . First, Figure 13 shows that, the joint density of states (JDOS) for 3-phonon scattering in BOX are larger than that in BiCuOX. Larger JDOS gives rise to smaller τ λ . Second, comparison of projected Grüneisen parameters (Table IV) shows that, the anharmonicity in BOX is larger than that in BiCuOX. Especially, the anharmonicity of inter-layer bonding is stronger in BOX. This can be seen from the relative magnitude of in-plane (x/y) and out-of-plane (z) γ of chalcogen atoms in these two materials. Summing together, both JDOS and the Grüneisen parameters suggest that BOX has a shorter scattering lifetime than BiCuOX. This is actually confirmed in our numerical calculations ( Figure 4 in main text and Figure 14) . 
